Among the n-type metal oxide materials used in the planar perovskite solar cells, zinc oxide (ZnO) is a promising candidate to replace titanium dioxide (TiO 2 ) due to its relatively high electron mobility, high transparency, and versatile nanostructures. Here, we present the application of low temperature solution processed ZnO/Al-doped ZnO Meanwhile, the short-circuit current density (J sc ), open-circuit voltage (V oc ), and fill factor (FF) were improved to 20.58 mA/cm 2 , 1.09V, and 71.6%, respectively. The enhancement in performance is attributed to the modified interface in ETL with staircase band alignment of ZnO/AZO/CH 3 NH 3 PbI 3 , which allows more efficient extraction of photogenerated electrons in the CH 3 NH 3 PbI 3 active layer. Thus, it is demonstrated that the ZnO/AZO bilayer ETLs would benefit the electron extraction and contribute in enhancing the performance of perovskite solar cells.
Introduction
Organometal halide perovskite solar cells (e.g., CH 3 NH 3 PbX 3 , X = Cl, Br, I) have drawn much attention in current renewable solar research owing to their excellent optical and electronic properties, including strong absorption band that span the visible region, 1 direct band gap (∼ 1.5 eV), 2 long carrier diffusion length (100 -1000 nm), 3 high charge-carrier mobility (∼10 cm 2 V −1 s −1 ), 4 and significantly low-cost fabrication process. 5,6 These superior optoelectronic properties enable an increase in power conversion efficiencies (PCEs) of planar heterojunction (PHJ) perovskite devices from 3.8% in 2009 7 to 22.1% in 2016.
8
Due to the potential of organometal halide perovskites, there have been a great number of studies regarding the carrier dynamics of perovskites, 9 development of new materials 10,11 , optimization of perovskite absorber layer thickness, crystallinity and surface coverage, [12] [13] [14] and low-temperature processing 15, 16 over the past few years. The state-of-art perovskite solar cells are based on two different device architectures: mesoporous 17 and planar heterojunctions. [18] [19] [20] For the n-type metal oxide materials in the cell, titanium dioxide (TiO 2 ) is commonly employed in the mesoporous scaffold. Although TiO 2 -based perovskite solar cells may pave the way to high PCE devices, several disadvantages of TiO 2 were reported such as low electron mobility and high annealing temperature (above 450
• C) in order to form crys-talline TiO 2 film in anatase phase. 21 Accordingly, among other n-type metal oxide materials used in inverted solar cells, zinc oxide (ZnO) has been extensively studied as a substitute to TiO 2 due to its similar electron affinity, relatively high electron mobility, high transparency, and versatile nanostructures.
22,23
For high performance inverted perovskite solar cell, the selection of the electron collection layer with hole blocking capability and low resistivity pathway for efficient electron extraction is necessary. ZnO have been demonstrated to be an effective electron collection material due to its various nanostructures that can be easily achieved by solution process for more efficient charge extraction and transport. 24, 25 Recently, several studies of mesostructured perovskite solar cell based on ZnO nanorod arrays have been used to replace the mesoporous (70 • C, 10 min). The hot CH 3 NH 3 I solution was then spin-coated onto the PbI 2 film; the structure was kept on the hot plate at 100
• C for 5 min to form a crystalline perovskite film.
The hole-transporting spiro-OMeTAD material (5 wt%), 28.5 µl 4-tert-butylpyridine (tBP) solution, 17.5 µl lithium bis(trifluoromethyl-sul-phonyl)imide solution (520 mg in 1 ml acetonitrile) all dissolved in 1 ml chlorobenzene (CB) was further spin-coated on top. External quantum efficiency (EQE) spectra were measured under monochromatic illumination (Enlitech, QE-R3011). Devices were encapsulated before they were removed for EQE measurement. The micro-photoluminescence spectra (µ-PL, Horiba Jobin Yvon HR-800)
of the ZnO, ZnO/AZO bilayer and perovskite thin films were obtained by using a 325 nm
He-Cd CW laser as the excitation source with a 2400 grooves/mm grating in the backscatter-ing geometry. Time-resolved PL measurements were carried out by a time-correlated single photon counting (TCSPC) system and samples were photoexcited by using a 405 nm pulse laser source. All of the measurements were carried out at room temperature (RT).
Results and discussion Figure S1 ). The best thicknesses of ZnO and AZO layers found are ∼30 nm and ∼10 nm, respectively.
To investigate the electronic structures of ZnO/AZO bilayer and evaluate the effect of the AZO interfacial modification, UPS and absorption measurements were performed to the ZnO and AZO thin films. Energy-level diagrams of other Al-doping concentrations (3% and 5%) can be found in Figure S2 . Fig. 2(a) presents the UPS spectra of the ZnO and AZO thin films. The low binding energy tail (E onset ) of UPS spectra for ZnO and AZO samples are shown in Fig. 2(a) . The VBM energy levels (relative to vacuum level) are calculated by using eq. 1.
where hν = 21.22 eV is the incident photon energy and the high binding energy cut off (E cutof f ) spectra of ZnO and AZO obtained from were estimated using eq. 2.
where n = 1/2 for indirect transition, n = 2 for direct transition; A is proportional constant, α is the absorption coefficient, h is Planck's constant, ν is frequency of incident photon. Here the E g was determined by using (αhν) 2 = A(hν − E g ) since ZnO and AZO are both direct transition in nature. As shown in Figure S3 , 
where V (z), n(z), N d (z), and /ε(z) denote the electrostatic potential energy, electron carrier density, dopant concentration, and dielectric constant at position z, respectively. In Fig. 3(a) , the band profile of ZnO has a weak band bending, since the built-in electric field is partially screened by the free carriers in ZnO, which is slightly n-type. An extra electron trapping potential can be created (as indicated by the dotted line) by the electron-hole attraction after photo-excitation. These trapped electrons in the triangular well can hinder the charge separation process and part of them will recombine with holes in CH 3 NH 3 PbI 3 .
In Fig. 3(b) , a thin AZO layer (which has higher free electron density than ZnO due to Al doping) is inserted between ZnO and CH 3 NH 3 PbI 3 . Since the conduction band minimum (CBM) of AZO is higher than the CBM of ZnO, free electrons must be transferred from AZO layer to the ZnO/FTO interface region, leaving a depleted AZO region with net positive charges of dopants, which are assumed to be uniformly distributed. Consequently, there is a strong band bending in the AZO region after adding the self-consistent potential which satisfies the Poisson equation [Eq. (3)], as seen in Fig. 3(b) . The curvature of the band bending is proportional to the dopant concentration due to Eq. (3). After photo-excitation, the attractive electron-hole interaction will reduce the band bending, but not enough to form a trapping potential at the AZO/perovskite interface. Thus, the charge separation process in ZnO/AZO/perovskite interface can be enhanced in comparison to the ZnO/perovskite interface.
The surface morphologies of the pure ZnO ETL, the ZnO/AZO bilayer ETL, and the active layer of CH 3 NH 3 PbI 3 , respectively, are shown in Fig. 4 . As observed in Fig. 4(a) c The histograms for photovoltaic parameters of 50 cells are illustrated in Fig. S5 .
of the device based on ZnO/AZO bilayer ETLs is due to the higher light absorption within the range from 300 to 400 nm [See Fig. 6(c) ] and the better charge collection efficiency.
The discrepancy (∼ 5%) between the integrated J sc from EQE and J sc obtained from the J-V curve is generally observed in the perovskite cell due to the difference in measurement methods. In order to investigate the origin of enhanced J sc , PL measurements were carried out to study the capability for the electron transfer from perovskite to ETLs. As shown in Fig. 6(c) , the strong PL quenching occurred in perovskite thin film grown on ZnO/AZO bilayer ETL compared to that grown on ZnO ETL indicates high electron transfer efficiency and exciton dissociation of the ZnO/AZO bilayer ETL configuration. Therefore, the higher PL quenching in the perovskite film based on ZnO/AZO bilayer suggests the faster deactivation of the excited state by the efficient charge transfer between perovskite and ZnO/AZO bilayer and thus giving rise to enhanced J sc . To further confirm the faster electron transport properties in ZnO/AZO bilayer ETL, the time-resolved PL measurements were conducted with results summarized in Fig. 6(d) . The PL lifetime was fitted with a biexponential decay function of the form, I(t) = A 1 exp(−t/τ 1 ) + A 2 exp(−t/τ 2 ), where I(t) is the the intensity at time t after the excitation pulse. By fitting a biexponential function to the fluorescence decay, the lifetime components τ 1 and τ 2 , as well as the amplitudes A 1 and A 2 , can be recovered. The resulting decay lifetimes are listed in the insert of Fig. 6 (d) . The fast decay (τ 1 ) process was considered to be the result of the free carriers in the perovskite through transport to ETL or HTL, whereas the slow decay (τ 2 ) process to be the result of radia-tive decay. 33 The τ 1 of ZnO/AZO/perovskite/spiro-OMeTAD sample decreased to 1.52 ns, which was much smaller than that of the ZnO/perovskite/spiro-OMeTAD (2.14 ns). This indicated that charger transfer between perovskite and ZnO/AZO bilayer is faster than that without AZO interlayer. The results of PL quenching and lifetime are consistent with the more efficient charge separation due to the stair-case band alignment of our device structure with ZnO/AZO bilayer ETL. It is thus evident that the electrical properties are strongly influenced by employing AZO as the interlayer.
Electrochemical impedance measurements were carried out for perovskite solar cells con- 
Conclusion
In summary, we have successfully demonstrated how the low temperature solution processed ZnO/AZO bilayer ETL improves the efficiency of PHJ perovskite solar cell. In this study, the PCE obtained can exceed 16%. The introduction of AZO layer not only helps the formation of uniform surface morphology to fill the defects but also lead to a stair-case band alignment in the ZnO/AZO/perovskite heterostruucture, which is shown to yield better electron extraction, thereby significantly enhance the device performance. It is noteworthy that the results obtained for our optimized device surpass the state-of-the-art PCE and V oc of solution processed ZnO-based perovskite solar cells. Moreover, the device prepared with ZnO/AZO bilayer ETLs showed long-term stability; only 9% degradation of its initial PCE after being kept in the dark for over 45 days. This approach pave a new way for the development of low-cost perovskite solar cells.
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